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CrOCOdiles and birds．Among the diapsids，based on  
thepaleontologlCalandmoIphologlCalevidence，Squa－  
matesandtuatarashavebeenputintoonegroup．orthe  
Lepidosauria，andthecrocodiles andbirdshavebeen  
grouped together to fbrn1theArchosauria（Gauthier  
efa［．，1988；deBl・agaandRieppel，1997）．   
Turtles，Which datebackto LateTriassic（Lieta／．、  
2008），have been considered as the only surviving  
representativesofanapsids．Turtleshavebecngrouped  
With pareiasaurs（Gregory，1946；Lee、1997）ol■PrO－  
COlophorids（Laurin and Reisz，1995），both ofwhich  
areextinct anapsidparareptileslivedin Permianand  
Triassic（Reisz，1997）．Ontheotherhand，diapsidsare  
generallyregardedasmorederivedreptilesbasedon  
fbssilrecord and compal・ative morphology（Benton、  
1990）．Therefbre，turtleshavebeenregardedasbasal  
reptilesthatbranchedo仔earlierthanthedivergencein  




mo叩hology）．   
Although molecular phylogeny was cxpected to  
resoIve the relationships ofturtles to other reptiles，  
molecular data have of［en been equivocal（Hedge  
etal．，1990；Marsha11，1992；EemisseandKluge，1993；  
VandePeeretal．，1993；Casperseta］．，1996；Fushitani  
efal．，1996；Mannen etal．，1997；Platz and Conlon，  




SamPling and the algorithms oftree reconstruCtion．  
In recent years，the completemitochondrialgenome  
SequenCeS Ofthe African side－neCked ttlrtle and the  
Greenturtleweredetermined（KumazawaandNishida、  
1999；ZardoyaandMeyer，1998）．Phylogeneticanaly－  
Sis uslng these sequences supported the sister～grOuP  
relationship between turtles and archosaurids，and  
rqectedthehypothesisthatturtlesarethemostbasal  
livingreptiles（Fig．1B）．Iwabeeta［（2005）conducted  
PhylogeneticanalysISuSlngtWO nuCleargeneswhich  
areconsideredtobesinglecopylnVertebrates，eXClud－  
1ng the possibility ofparalogous eomparison．Their  
45   
Abstraet   
Thephylogenetica餓Iiationofturtlesam ngm年IOr  
groupsofreptilesisacontroversialissue．Sinceturtles  
have no temporalf如estra unlike other reptiles and  
birds，turtleshavebeentraditionallyconsider dasthe 
Only survivors ofanapsids，Which have no fもnestra，  
andasthemostbasalreptiles．Recentmolecularstud～  
ies，however，POSit an archosaurian（CrOCOdiles an   
birds）a用nityofturtlesandtheearliestbra chingof  
SquamateS（lizards and snakes）instead oftLlrtles．Tb  
address thisissue，Weperfbrmed enzymelinkedim－  
munosorbent assays（ELISA）on he extracts什om  
eggshellsofatotalof25reptilesandbird ．Antis rum  
raisedagainsteggshellextractsfromchicken（Gal／us  
gallusdbmesticus）reactedwiththosefi●OmCrOCOdi es  
andturtlesstrongerthanthose斤ornsquamat s，andthe  
other antiserum raised agaillst eggshell extracts fi-om 
aso氏－Shelledturtle（Pelodiscussinensis）re cte with  
thosefrom birds and crocodiles strongerthan those  
fromsquamates．Theseresultssupportthearchosaurian  
afBnityofturtlesandtheschemeofrecentmolecular  
pllylogeny．   
Key words：Anapsids，eggShells，ELISA，Pe！ discus  
∫～〃eJ7∫ね，Turtles  
Introduction   
Reptileshavebeenconventiona11yclassi貢edmainly  
based on the presence or absence and the types of  
temporalfbnestration of the skull（Gtinther，1867；  
Willingston，1917）．Reptiles that have  complet ly  
roofbdskullandnoftnestraareca11edanapsids，Which 
include turtles，Whereas those with two ftnestraein  
thetemporaireg10nOftheskulIareknownasdiapsids，  
Whichincludesquamates（lizardsandsnakes），tuataraS，  
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logenetic position ofturtles among m叫Or grOuPS Of  
reptiles．   
MaterialandMethods  
毎那   
FresheggsofGal／usgallliS（わmesticusandCotuf㌦  
nLrj呼Onicawerepurchased丘omlocalmarkets．Fresh  
eggs ofSfruthio camelus were purchased斤om the  
OStrich fann，Dacho－Okoku（Ishioka，Ibaraki，Japan）．  
Eggshells of伽co（ん／乙J∫〃∫わ血〃∫，CrJ刀0柁／eJ∫′，Cr  
′小什川／－叶′・．（●′：ヾ山肌・′ハ・八、（入／い1山‖〃J／、、・／川てぃ／血、石州ト  
Sfomasch／ege／i，Cbimanla［ifVSt7T）S，（b．yaca］？Were  
glVen from Atagawa TropICal＆Alligater Garden  
（Atagawa Onsen，Shizuoka，Japan）．Eggshells of  
E］呼he c／imacqphora were glVen 丘om TheJapan  
SnakeInstitute（Ohta，Gunma、Japan）．Eggshells of  
．J′て川k化・‘J′ノ、（ノ‖／、、・ノ叩√）仇・J雨、・．（Ⅵビ／り〔／／仇＝んイー‖／ノ川・人／．  
凸町、し／肌′・川わg／り／－り、、‘′．Jリノ′：川′イハ ム〟川・／／、Pん．どし・（ノ／二  




She11s ofPelodiscussinensis were glVenfrom Riken  
Center fbr Developmental Biology（Kobe，Hyogo，  
Japan）．Eggshells ofPogona vitti（・qDS and   
Fig・1Alternative hypotheses explainlng the phylo－  
geneticposition of’turtleswithinreptilesand  
biI●ds．A：Traditionalphylogenetic hypothesis  
mainlybasedonmoIPhologlCalandpaleonto－ 
loglCaldata．Turtlesarethemostbasalreptiles．  
Squamates fbrn1a Sister group with croco－  
diles and birds．B：Con靴cting phylogcnetic  
hypothesis mainlybasedon recentmolecular  




However，the phylogenetic position ofturtle  amon   
them叫OrgrOuPSOfreptiles appearsyettobesett ed  
down．   
Manyreptiles andbirdslayeggs with mineralized  




geneticinfbmation，and overal1similarityoforganic  
matrices probably re8ects phylogenetic relationships．  
ln this paper，We perfbrmedimmunologlCala says  
Ontheextractsfrom25reptilianandavian eggshells  
（Fig．2），uSingantiseraraisedagainsteggshell xtracts  
舟olnthe chicken Gallusga［］us dbmesticu andfrom  
46  
Phylogeneticpositionofturtlesamongreptiles   
incubatedindarkat37OCfbr30min，fbllowedbyad－  
ditionof100ploflNNaOHtoeachwelltostopthe  
Staining reaction．The colorintensity was measured  
SPeCtrOPhotometricallyat405nmuslngamicroplate  
reader（MPR－A4iIl；TOSOH，Tokyo）．Allassayswere  













tiserumCOnCentration thatgavethe absorbance value  
OfO．lat405nm fbr speciesAandfbrthechecken  
antlgenS，reSPeCtively．Similarly，CFofspeciesAwith  
sofトshe11edturtleantiserum（CFPA）isgivenbyCF㌔  
＝CA／Cp，Where Cpis the absorbance value fbr sofト  
shelledturtle．  
ImrnunOlogicaldistances（ID）丘om chicken and  
fromsofトshelledturtletospeciesAareglVenbyIDGA＝  
loglt）CFG＾andIDPA＝loglOCFPA，reSPeCtively・Weused  
these distances from chicken and ft・Om SOfトshelled  




COllectedfromAustraliaandMadagascar，reSPeCtively．   






Withultrapure water，the shells were crashedtofin   
丘agments．Organic materials were extracted by dis－  
SOlutionofO．1goftheshellf agm ntsinlOmlofO・5  
M ethylenediaminetetraace ate（EDTA），PH8．0，W h  
agltatlngfromamagneticstirreratroomtemperature  
fbr24hours．These sample solutions were us d fbr  
enzymelinkedimmunosorben  assay（ELISA）．The  
solutions were lyophilized when used as antigen for 
antiserumpreParation．   
d〟′由gr〟〝りIr甲α用Jわ〝   
Rabbit antisera were prepared agains  lyophilized 
extractsfrom eggshells ofG．gallus（わmesticus and  
Pe．sinensis，reSPeCtively．OnerabbitwaslqeCtedwith  
l．OmgofthelyophilizedextractwithFreund’ com－  
Pletea句uvant（FCA）asanimmunoactivator，fbllowed  
bythel可ectionsofO．5mgoftheextractthreetimes  
atintervaloftwo weeks with Freund’sincornPlete  
A句uvant（FIA）as anilnmunOaCtivator．Serum WaS  
COllectedoneweekaflerthelastlrUeCtion．   
g〝研削g〟〃如〟f椚椚〟〃β∫〃r如〃Jα∫∫秒間捌ノ   
Analiquot（100Lil）ofthesamplesolutiondescrib d  






at370C fbr30min．After the wells were emptied，  





OfO．05％（V／v）Anti－rabbitIgG alkaline phosphatase  
CO両ugate（A8025，Sigma；St Louis，MO，USA）in  
gelatin／TBS／Tweenwasaddedtoeachwe11andincu－  
bated at370C fbr90min．A氏erthe TBS／Tween wash  
toremoveunboundedsecondantibodies，100LLlofl％  
（W／v）4－nitrophenylphosphate（PNPP）disodium salt  
hexahydrate（SO942，Sigma）inlM diethanolamine，  
PH9．8，WithO．5MMgClコ，WaSaddedtoeachwelland  
（IDGA－IDGB）2＋（IDPA－rDPB）2  sglV nbyOIDAB＝   
R sultsanddiscussion  
（b〝甲α血〃〝q／助g血g〃∫f鹿∫q／′加ゎ〃〝〟〝〃わgfcαJ  
rgαC〟〃〃ざ   
Weconductedser aldilutionassays ofELISAand  
drewimmunologlCalbindingcurveSfbrthereactions  
Withtheex racts舟・Om25reptilianandavianeggshells  
andEDTAasanegativecontrol，uSlngantiseraraised  
ag mst extracts丘01n ggShells ofGallusgallus db－  
mesticus and Pelodiscus inensis，reSpeCtively．Fig・  
3shows examples ofbindingcurves．lnordertoes－  
timatetheintensities ofimmunologlCalreactions，We  




Ph］7）nq Shilarii，fbrexamp e，isl／（2×103）（＝Cpトl；  
arrow（2） nFig．3A），thenCFpH＝CpH／C。＝（6×105）／  
（2×103）＝300．Whentheantibodyraisedagainstthe  
47   
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＿＿王手さ至宝真義  10  102  川8  104  105  106  川7  
Antiserumconcentration（l／X）  
Fig．31血munologlCalbindingcurvesjbrtheextracts  
n・Om eggShells．A：Results of ELISA uslng  
antiserum raised agalnSt the eggshe11extract  
n・Omtheso魚－She11edturtlePelodiscIISSi71enSis  
fbr eggshellextracts fl・Om（a）Pe［ocHscl（S  
∫′J7即7．ゞれ（b）タカり′〃叩∫ 力′／βr〃，（C）加〝  
／J7仇・（勅（d）Cm（・〃¢，／まJ∫．－～〟Jブ7ピ〝．沈（e）g／印加  
climucqph（）′■a・B：Results of ELISA uslng  
alltiserum raised agalnSt the eggshellextract  
n・Om the chicken Gal／l［S ga／／LLS dbmesticl（S  
fbr eggshe11extracts from（a）Gct／／lLS  
g（丁仙∫（ゐ〝肥ゞ掠〟㌫（b）Co／〟用えてノ叩〃′7血，  
（C）rJ・〃“ゆ，J‡J∫／・力β椚坤れ（d）C／7叫Jめ■〟  











Fig．4ImmunologlCalreactivlty rCpreSented by  
COnCentrationfactor（CF）fbreggshellextracts  
什om25reptilesandbirdsuslngantiseraraised  
agalnSt the eggshellextracts丘om the soft－  
she11ed turtle Pelodiscus sinensi（A）and the  
ChickenGal［lLSga！lusdbmesticl（S（B）・  
extract斤om the soft－Shelled turtle Pe．sinensis was  
used（Fig．4A），eggShellmatricesextractedfromturtles  
Showed the highest reactionintensitiesin general，  
SuggeStlng that the antiserum PrOPerly reacted with  
antlgenS．Thercactionswithcrocodilesandbirdswere  
relatively high and approximately atthe samelevel  
With each other，and the reactions with squamates  
Werethelowest．Ontheotherhand，Whentheantibody  
raisedagalnSttheextractfromthechicken Ga．gal［us  
〔わmesticuswasused（Fig．4B），birdsshowedthehigh－  
estreactionintensities，SuggeStingthatthe antiserum  
WaS prOPerly absorbed with antlgenS．The reactions  
with crocodileswerelowerthanthosewithbirds，and  




Ofthe component ofeggshellextracts，and thesimi－   
48  
1a itiesprobablyreflecttheevolutionaryrelationships・  
These results，therefbre，SuggeSted that turtles rather  
th nsquam t sar morecloselyrelatedtoarchosau－  
rids（birdsandcrocodiles）．   
伽ね如〃∫ゐ如〟〝〃）〃g班どJ〟¢〃rgrβ〟p∫q′r甲′〟g∫α〃〟  
∂frJね  
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Fig・5 Matrix ofoperationalimmunologicaldistances（OID）among25reptiles andbirds．Thesma11ervalue ofOID  
meanstheevolutionarilycloserrelationship．  
PrObablyre鎖ectthattheyfbrm monophyletic groups．  
The values of OID between crocodiles and birds are  
relatively sma11（mostlyO．5T2．5）．The values ofOID  
betweenturtlesandbirdsandthosebetweenturtlesand  
CrOCOdiles were approximatelyatthe samelevelwith  
each other，and they werelargerthan those between  
CrOCOdiles and birds（mostlyl．5－3．5）．These results  
SuggeStaSistergrouprelationshipbetweencrocodiles  
and birds．The OID between turtles and crocodiles，  
Orturtles and birds，Were Sma11er than those between  
SquamateSandothermqjorgroups（mostlyover2．5）．  
Theseresultsindicatethat archosaurs（CrOCOdilesand  
birds）areclosertoturtlesthantosquamates．Because  
theOID valuesbetween sq amatesandothergroups  
Were thelarge t，SquamateS are PrObably the most  
basalreptiles．   
ResultsbaseduponimmunologlCalassays on egg－  
Sh 11matrices，therefbre，SupPOrtan arChosaurian af一  
重nityofturtles．Temporalftnestrae ofthe sku11s of  
turtles werelik ly o have been secondarily closed．  
Eggshellmatr c seemtobeusefu1fbrphylogerletic  
analysesofreptilesandbirds，becauseantiseraraised  
ag lnSteggSh llextractsfi・Omaturtleorabirdreacted  
StrOngeStwiththose斤omturtlesorbirds，reSPeCtively．  
Thesefactsindicatethatthesimilaritiesofthecompo－  
ne sofeggshe11matricesre月ectevolutionaryrelation－  
49   
Nishi，M．eta［．   
Ships．To date，SeVeralavian eggshellmatrixproteins  
havebeenidenti爺ed（Castagnolaefal．，1991；Gautron  
etal．，2007；Hincke eta／．，1999；Lakshminarayanarl  











mineandcomparetheirDNAoraminoacidsequences．   





dylandand RikenCenterfbrDevelopmentalBiology  
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